Zinc oxide, zinc carbonate, DTA
Introduction
Various researchers1-2 have unsuccessfully a t tem pted to find evidence of bulk carbonate formation after treating zinc oxide with carbon dioxide gas. However little attention has been given to the fact th a t when water vapour is included with the react ants, zinc oxide can be completely converted to a basic zinc carbonate form according to the reaction ,-cZnO + y C O ,+ (z-y)H.O = Znst<CO,)1,(OH),tt.11) Studies involving the corrosion of zinc3-4 have shown th at this process takes place when zinc oxide is left in contact with moist air. Basic zinc carbonate is structurally quite complicated and it is only recently th a t the structure of its most fre quently occurring form, hydrozincite, was ellucidated by G h o s e 5. This enabled F e i t k n e c h t and O s w a l d 6 to interpret observations made of other basic zinc carbonates and they concluded that basic zinc carbonate possesses the composition Zn5(C03)2-(OH)6 in most formation reactions but th at under different preparation conditions, samples can exhibit small structural differences. It was the aim of the present work to study the basic carbonate formation reaction resulting from the action of water vapour and carbon dioxide on zinc oxide and to examine the effect th a t different reaction conditions had on the composition and structure of the resultant zinc hydroxide carbonate. Model SB2 Infrared Gas Analyser (IRGA) was employed to monitor the C 0 2-content of the gas stream. The analyser was insensitive to water vapour and nitrogen which were the other two components present in the stream. The gas inlets to the flow regulators and the outlets to the IRGA were constructed of 4 mm diam eter copper tubing but the rest of the apparatus was made of pyrex glass, the main arteries consisting of 5 mm diam eter glass tubing. The taps were all of the interkey high pressure type. A series of special C 0 2/N 2 gas mix tures were obtained from Air Products. Zinc oxide, prepared by decomposition of basic zinc carbonate (reagent grade) at 250 °C, was ground thoroughly and pelleted before being inserted into the reactor. The sample was then purged with a dry N2 stream for one hour a t 200 °C before the ab sorption experiments were started. The appropriate C 02/N2 gas stream was then selected and directed through the reaction vessel bypass until a stead}7 IRGA response was obtained corresponding to the N2 purge
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C 02-content of the mixture. To start the reaction the stream was diverted through the reaction vessel and any C 02 adsorption or absorption by the sample resulted in a depletion in the C 02-content of the gas stream. The absorption was thus monitored with the IRGA baseline being checked occasionally by deflecting the stream through the bypass. The amount of C 02 absorbed by the sample was pro portional to the area between the absorption curve and standard and since the flow rate was known, the C 02-uptake by the sample could be calculated. Differential Thermal Analysis studies were con ducted using a Du Pont Thermograph.
Results
I t was first of all established th a t for C 02 pres sures up to one atmosphere there was no evidence of absorption of C 02 by zinc oxide in the absence of water vapour. When both water vapour and C 02 were present the resulting absorption reaction was found to be sensitive of the water vapour pressure, the C 02 pressure, the tem perature of the reaction and whether the zinc oxide sample had been pre treated with water vapour or not. The most favour able conditions of reaction appeared to be satisfied when a high water vapour pressure (approx. 21 Torr), a low C 02 pressure (approx. 15 Torr), a reaction temperature of 23 °C and a water vapour pretreatm ent time of 15 min were used. A typical C 02 absorption plot for these conditions is shown in Fig. 2 (a) . The absorption took place over a period of 10 hours, the maximum reaction rate being attained after 572 hours.
In the experiment corresponding to Fig. 2 (b) absorption curve, all the conditions of reaction were the same as for the Fig. 2 (a) experiment except th at there was no water pretreatm ent of the sample, the C 02 and water vapour being intro duced into the reactor simultaneously. Here after an uptake of 18 mg C 02/g oxide the reaction rate decreased practically to zero after 2 hours and did not reach its maximum until after 7 hours. How ever when the reaction rate is considered as a function of the percent conversion to carbonate, then this function is virtually the same for both the water vapour pretreatm ent and non-pretreatm ent cases, suggesting th at the main difference between the two cases is due to a surface effect.
In a series of experiments carried out at 23 °C, where only the C 0 2 pressure (i.e. C 02-content of the gas stream) was altered, it was found th at an increase in the C 02 pressure led to a decrease in the absorption rate and thus the reaction took much longer to reach completion. On the other hand, when the water vapour pressure was the only variant, a lowering of the water vapour pressure gave rise to a decrease in the reaction rate and for a water vapour pressure of 5 Torr there was no evidence of bulk carbonate formation at all after 12 hours exposure. The effect of the sample tem pe rature on the total C 02-uptake by the oxide is illustrated in Fig. 3 . In all these experiments the water vapour and C 02 pressures were 21 Torr and 15 Torr respectively and for sample temperatures above 40 °C there was no X-ray or DTA evidence of a bulk basic carbonate phase after 12 hours exposure.
Typical water vapour and C 02-contents of various carbonates prepared under a variety of different conditions are shown in Table I . I t can be seen th at when the C 02 concentration in the gas stream was low (1.5%), water pretreatm ent of the zinc oxide did not affect the composition of the end product (although as stated previously it affected the duration of reaction). However an increasing of the C 0 2-content of the gas stream resulted in a lowering of the C 02/H 20 ratio in the carbonate product and also a decrease in the reproducibility of this ratio for similar condit ions of preparat ion. For recarbonations using the 25% C 02 in N 2 gas stream, although the C 02-contents of the products were reproducible to within 10%, the water-contents varied by as much as 25% for the same conditions of preparation. The DTA pattern obtained for carbonate spccies prepared at 23 °C and 21 Torr H 20 pressure using a 1-5% C 02 in N 2 gas stream after 15 min water pretreatm ent is shown in Fig. 4 (a) . The main endothermic peak is symmetrical and centred at 247 °C and there appears a further pair of fused endothermic peaks whose maxima are at 112 °C and 118 °C. The shapes and intensities of these three endothermic peaks were reproducible for different preparations using the 1.5 % C 02 in N 2 gas mixture. For recarbonated species obtained using the 13% or 25% C 0 2 in N 2 mixtures, the main endothermic decomposition peak was still centred a t 247 °C but its size and intensity tended to vary slightly for different preparations. In these cases the intensities of the peaks a t 112 °C and 118 °C were proportional to the total length of time for which the sample was exposed to water vapour during the recarbonation experiments (i.e. in cluding water pretreatm ent time), the former peak being more dependent than the latter. All basic zinc carbonate species prepared exhibited a changing DTA pattern on ageing (see Fig. 4 (b) ). This took te m p e ra tu re (°C) Fig. 4 . DTA p a tte rn of p roduct form ed using moist 1.5% C 0 2 in N 2 gas stream ; (a) for freshly-prepared carbonate, (b) after 6 days ageing.
the form of a diminution in intensity of the endo thermic peak a t 112 °C and slight increase in the intensity of the 118 °C peak over a period of days. This was accompanied by a gradual shifting to higher tem peratures of the position of the main decomposition peak. After six days ageing of the carbonate this main peak reached a steady position its maximum being at 260 °C. Discussion Although X-ray examination of the carbonate products showed th a t they all conformed to the hydrozincite structure, it can be seen th at the C 02-and water-contents can vary widely according to the preparation conditions. At low concentrations of C 02 in the gas stream the end carbonate product seemed to be quite insensitive to the water vapour pretreatm ent although the absorption process it self seemed to be very dependent upon it. However as the C 02-content of the gas stream was increased, both the C 02-and water-content of the product carbonate became very dependent on the total time of water exposure. In every case a highly basic hydroxide carbonate was formed. Hydrozincite it self exhibits a single symmetrical endothermic DTA peak at 262 °C and thus the lower tem perature main decomposition peak (247 °C) obtained for all the freshly-prepared samples suggests th a t the initial carbonate formed is in a highly disordered form which shows an increase in order on ageing. F e i t k n e c h t and O s w a l d 6 prepared a similar strongly-disordered highly basic zinc carbonate which also took a more ordered form on ageing, by treating amorphous zinc hydroxide with C 02.
The hydroxide phases <^-Zn(OH)2 and /?-Zn(OH)2 have a very similar structure to hydrozincite and DTA examination of them by G i o v a n o l i and coworkers7 has shown th at <3-Zn(OH)2 exhibits a main endothermic peak at 111 °C with a small subsidiary peak at 91 °C and /?-Zn(OH)2 has a single endo thermic peak centred at 122 °C. I t is therefore possible th at the twin peaks observed for our samples are due to the presence of <5-Zn(OH)2 and /?-Zn(OH)2 phases. On the basis of this assumption it would seem th at on ageing, the bulk of the d-Zn-(OH)2 formed initially is converted to /?-Zn(OH)2. I t is already known7 th at <5-Zn(OH)2 always con tains 0.5 mole of water in its structure which is easily removed and on dehydration the (5-Zn(OH)2 transforms topotactically to /?-Zn(OH)2. Thus the presence of this process during the ageing of the carbonate is quite plausible. In the water-rich Previous studies by G io v a n o l i and co workers8 h a v e shown th a t <5-Zn(OH)2 is very un stable even at room temperature and i f we assume th at its formation is a necessary precursor to carbon ate formation then this would explain the critical dependence of the reaction on temperature. Infrared investigations9 have provided evidence th at when water vapour and C 02 are both present over a zinc oxide s u r f a c e , the A v a te r v a p o u r will be p r e f e r e n t i a l ly adsorbed. W ith regard to our results it would seem th a t the presence of more than a monolayer of s u r f a c e water molecules is a n e c e s s a r y pre condition to absorption. Thus when water vapour and C 02 are adm itted to the zinc oxide surface simultaneously, the absorption process cannot proceed until the surface water layer has been constructed. On the other hand when the oxide surface has been water pretreated, the absorption can begin as soon as the C 02 is introduced into the system. The fact th at absorption rate decreases with increasing C 02 pressure can be attributed to the greater competition between the C 02 and water molecules on the surface at higher C 02 pressures.
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